The anti-cell death protein BAG-1 binds to 70-kDa heat shock proteins (Hsp70/Hsc70) and modulates their chaperone activity. Among other facilitory roles, BAG-1 may serve as a nucleotide exchange factor for Hsp70/Hsc70 family proteins and thus represents the first example of a eukaryotic homologue of the bacterial co-chaperone GrpE. In this study, the interactions between BAG-1 and Hsc70 are characterized and compared with the analogous GrpE-DnaK bacterial system. In contrast to GrpE, which binds DnaK as a dimer, BAG-1 binds to Hsc70 as a monomer with a 1:1 stoichiometry. Dynamic light scattering, sedimentation equilibrium, and circular dichroism measurements provided evidence that BAG-1 exists as an elongated, highly helical monomer in solution. Isothermal titration microcalorimetry was used to determine the complex stoichiometry and an equilibrium dissociation constant, K D , of 100 nM. Kinetic analysis using surface plasmon resonance yielded a K D consistent with the calorimetrically determined value. Molecular modeling permitted a comparison of structural features between the functionally homologous BAG-1 and GrpE proteins. These data were used to propose a mechanism for BAG-1 in the regulation of Hsp70/Hsc70 chaperone activity.
Molecular chaperones assist in protein folding by preventing misfolding and aggregation, but these important molecules also play other vital cellular roles such as import, translocation, and degradation of proteins (1) (2) (3) . Networks of chaperones that function in prokaryotes and eukaryotes include the heat shock Hsp70 1 and Hsp90 families. Members of the 70-kDa heat shock family bind to linear peptide folding intermediates, and this binding is mediated by cycles of ATP binding and hydrolysis, followed by ADP/ATP exchange and peptide release (4 -6) . The Hsp70 proteins consist of two domains: an amino-terminal ATPase domain (ϳ45 kDa) and a carboxyl-terminal domain that is composed of a 15-kDa substrate-binding module and a 10-kDa module with undefined function. The three-dimensional structures of the ATPase domain from bovine Hsc70 (7) and the substrate-binding domain from the E. coli homologue DnaK (8) have been determined. Most recently, the crystal structure of the DnaK ATPase domain bound to the co-chaperone GrpE has been reported (9) . From a comparison of nucleotide-free and nucleotide-bound forms in these structures, a model has been proposed wherein a conformational change in DnaK is induced upon ATP binding. The ATP-bound form of Hsp70 binds and releases peptide quickly, whereas the ADPbound form maintains tight binding to substrate (5, 6, 10) . In bacteria, binding of substrate to DnaK is regulated by the co-chaperones DnaJ and GrpE (11) . Although the mechanism of binding and hydrolysis of ATP has not been clearly defined, regulation by co-chaperone molecules is consistent with a conformational adjustment between the two functional domains of Hsp70. Therefore, it is likely that other partner proteins that bind to Hsp70 could also modulate the chaperone activity and thereby affect associated cellular functions.
BAG-1 is a novel multifunctional protein first identified as a molecule that binds to the anti-apoptotic protein Bcl-2 and promotes cell survival (12) . Since its discovery, BAG-1 has been shown to form complexes with several other proteins including tyrosine kinase growth factor receptors such as hepatocyte growth factor receptor and platelet-derived growth factor receptor (13) , the serine/threonine protein kinase Raf-1 (14) , and the retinoic acid receptor (15) . Longer isoforms of BAG-1 with unique amino-terminal domains have also been reported to form complexes with steroid hormone receptors including androgen, estrogen, thyroid, and glucocorticoid receptors (16 -18) . Binding of BAG-1 to these molecules modulates their activity, and thus it has been proposed that BAG-1 may play a facilitory role in multiple cellular processes. The mechanism by which BAG-1 influences the activities of such diverse proteins can probably be attributed to its ability to directly bind Hsp70/ Hsc70 family proteins, which in turn interact with multiple target proteins in cells. Both the murine BAG-1 protein and a longer isoform of human BAG-1 known as RAP46 (16, 17) have been reported to bind Hsp70 and Hsc70 in vitro and in cells. These proteins also modulate the chaperone activity of Hsp70/ Hsc70 in vitro (19 -21) . BAG-1 contains an amino-terminal region with sequence homology to ubiquitin and a central region (residues 90 -172) that binds to Bcl-2 (12) . Its carboxylterminal domain is required for complex formation with Raf-1 and growth factor receptors. It is this latter domain that interacts directly with Hsp70, binding to the ATPase domain of the 70-kDa heat shock proteins.
It was proposed recently that BAG-1 may act as a eukaryotic regulator of Hsp70 activity, with a functional role similar to the action of GrpE on DnaK, the bacterial equivalent of Hsp70 (21) . To test this hypothesis, in the present study we have characterized the binding of BAG-1 to Hsc70 and have compared the interactions with those reported for GrpE-DnaK complexes.
GrpE binds as a dimer to DnaK (9) . In contrast, we demonstrate here that BAG-1 binds as a monomer to Hsc70. Biophysical analysis and molecular modeling show that the BAG-1 protein shares fewer structural similarities with GrpE than functional ones, suggesting that structural homology may not be necessary for translation into specific function.
EXPERIMENTAL PROCEDURES
BAG-1 Expression and Purification-The 219-amino acid murine BAG-1 protein was cloned as described (12) using the pGEX-3X vector (Amersham Pharmacia Biotech) transformed as a GST fusion protein into XL-1 blue Escherichia coli (Stratagene). Overnight cultures of a single colony per 500 ml of LB medium containing 100 g/ml ampicillin were diluted 1:1 with the same medium. After 1 h, expression of the protein was induced by the addition of 0.4 mM isopropyl-1-thio-␤-Dgalactopyranoside, and cultures were incubated for 3 h at room temperature with aeration. Cells were recovered by centrifugation, flashfrozen, and stored overnight at Ϫ80°C. Frozen cells were thawed, resuspended in 10 ml of extraction solution 1 (50 mM Tris, pH 8, 5 mM EDTA, 14 mM ␤-mercaptoethanol, 0.005% NaN 3 , 0.04 mg/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride) per g of cells, and disrupted using a Dounce tissue grinder. After 30 min, 1 ml of 10ϫ extraction solution 2 (1.5 M NaCl, 100 mM CaCl 2 , 100 mM MgSO 4 , 20 g/ml DNase, 50 g/ml ovomucoid (trypsin inhibitor)) was added per 10 ml of cell solution, which was mixed briefly and sonicated. The lysate was cleared of cell debris by centrifugation. Triton X-100 (1% v/v) was added to the lysate, and the sample was loaded onto a glutathione-agarose (Sigma) column equilibrated with GA buffer (50 mM Tris, pH 8, 100 mM NaCl) and 1% Triton X-100. The loaded column was washed overnight at 4°C with GAM buffer (GA buffer with 5 mM ␤-mercaptoethanol). GST-BAG-1 fusion protein was eluted using 5 mM reduced glutathione freshly added to GAM buffer. (When the GST-BAG-1 fusion protein was purified for SPR experiments, only a Q-Sepharose fast flow (Amersham Pharmacia Biotech) ion exchange column was used for further purification). After dialysis versus GAM buffer, 4 units of human thrombin (Sigma) per mg of fusion protein and 2.5 mM CaCl 2 were added, and the solution was incubated for 18 -24 h at room temperature. Phenylmethylsulfonyl fluoride (1 mM) was added to the cleaved protein solution, which was then dialyzed into 20 mM HEPES, pH 7.2, 100 mM NaCl, and 14 mM ␤-mercaptoethanol and then loaded onto a Q-Sepharose column preequilibrated with dialysate. Bound protein was eluted at pH 7.2 in 20 mM HEPES and 5 mM ␤-mercaptoethanol using a salt gradient (100 -500 mM NaCl). Further purification of BAG-1 was achieved using a Superdex-75 (Amersham Pharmacia Biotech) gel filtration column equilibrated at pH 7.2 with 20 mM HEPES, 250 mM NaCl, and 14 mM ␤-mercaptoethanol. Purified BAG-1 was then stored at 4°C in 20 mM HEPES, pH 7.2, 150 mM NaCl, 10 mM ␤-mercaptoethanol, and 50 M EDTA. An extinction coefficient was estimated for BAG-1 using both a Bradford assay and a DC protein assay (Bio-Rad) to be ⑀ 280 ϭ 3,300 M Ϫ1 cm
Ϫ1
. A similar value was obtained using other prediction methods (22) . Hsc70⌬E Expression and Purification-The 540-residue fragment of human Hsc70⌬E protein encompassing the entire ATPase domain (kindly provided by I. Hirai, Sapporo Medical University, Sapporo, Japan) was expressed as a His 6 fusion protein from plasmids inserted into a pET vector and transformed into BL21 (DE3) E. coli. Overnight 50-ml cultures in LB medium containing 100 g/ml ampicillin were diluted 20ϫ with the same medium. After 3 h, the protein expression was induced by the addition of 0.1 mM isopropyl-1-thio-␤-D-galactopyranoside, and cultures were incubated for 3 h at room temperature with aeration. Cells were recovered by centrifugation, flash-frozen, and stored overnight at Ϫ80°C. Frozen cells were thawed, resuspended in 10 ml of Ni 2ϩ -nitrilotriacetic acid extraction solution 1 (50 mM Tris, pH 8, 5 mM ␤-mercaptoethanol, 0.005% NaN 3 , 0.04 mg/ml lysozyme, 1 mM phenylmethylsulfonyl fluoride) per g of cells and disrupted using a Dounce tissue grinder. After 30 min, 1 ml of 10ϫ extraction solution 2 was added per 10 ml of cell solution, which was mixed briefly and sonicated. The lysate was cleared by centrifugation, and Triton X-100 (1% v/v) was added. The sample was applied to a Ni 2ϩ -nitrilotriacetic acid-agarose or Superflow (QIAGEN) column equilibrated with GA buffer and 1% Triton X-100. The loaded column was washed overnight at 4°C with Ni 2ϩ -nitrilotriacetic acid wash buffer (50 mM sodium phosphate, pH 6.5, 300 mM NaCl, 10% (v/v) glycerol, 5 mM ␤-mercaptoethanol, 5 mM imidazole). Hsc70⌬E-His 6 fusion protein was eluted using 100 mM imidazole in PBS and dialyzed into 1 ⁄2ϫ GAM buffer (25 mM Tris pH 8, 50 mM NaCl, 5 mM ␤-mercaptoethanol) and then loaded onto a Q-Sepharose ion exchange column equilibrated with dialysate. Bound protein was eluted at pH 8 in 25 mM Tris and 5 mM ␤-mercaptoethanol using a salt gradient (100 -500 mM NaCl). Further purification was achieved using a Sephacryl S-100 (Amersham Pharmacia Biotech) gel filtration column equilibrated at pH 8 with 50 mM Tris, 250 mM NaCl, and 5 mM ␤-mercaptoethanol. Purified Hsc70⌬E was then stored at 4°C in 20 mM HEPES pH 7.2, 150 mM NaCl, 5-10 mM ␤-mercaptoethanol, and 50 M EDTA. An extinction coefficient for Hsc70⌬E was estimated using a DC protein assay (Bio-Rad) to be ⑀ 280 ϭ 21,466 M Ϫ1 cm Ϫ1 and was predicted similarly using the equation in Ref. 22 .
Dynamic Light Scattering-A DynaPro-801 molecular sizing instrument (Protein Solutions) was used to determine molecular shape, aggregation state, and degree of purity of the proteins. BAG-1 and Hsc70⌬E were analyzed at concentrations of approximately 1 mg/ml in various buffers. Each sample was 300 l in volume and was centrifuged at 80,000 rpm using a Beckman Airfuge air-driven ultracentrifuge and filtered through a 0.1-m Whatman Anatop inorganic membrane prior to analysis. At least 50 measurements were made and exported for each experiment using the AutoPro software package, the results of which were averaged to determine apparent M r and polydispersity index, and replotted into frequency histograms of apparent M r using KaleidaGraph (Abelbeck Software). Only conditions that resulted in reproducible and stable measurements are reported; conditions resulting in large aggregates or a high degree of noise were discarded as nonoptimal. Molecular weight values are reported as the average calculated values, with S.D. values equal to the degree of polydispersity, where a polydispersity index less than 30% of the hydrodynamic radius (R H ) is considered well behaved and unimodal (23) .
Circular Dichroism-A 62A DS circular dichroism spectrometer (Aviv) was used to measure the ellipticity of samples of purified BAG-1 at 0.3 mg/ml in 10 mM sodium phosphate, pH 6.8. The spectra (recorded at 0.5-nm intervals) were averaged over five scans, taken in the far UV region from 260 to 190 nm. Mean molar ellipticity, [], was calculated, and data were fitted to prediction software (Prosec, provided with the instrument, and K2D (24)) to determine structural composition.
Sedimentation Equilibrium-A Beckman Optima XL-A analytical ultracentrifuge was used to perform sedimentation equilibrium experiments on both BAG-1 and Hsc70⌬E. Protein solutions were extensively dialyzed against the appropriate buffer (either 20 mM HEPES or 20 mM sodium phosphate, pH 7.2, 100 mM NaCl, and 5 mM ␤-mercaptoethanol) at 4°C. Partial specific volumes (v ) of 0.745 ml/g for BAG-1 and 0.740 ml/g for Hsc70⌬E, calculated from their amino acid sequences using Sedinterp, 2 were used in all calculations. All experiments used six-channel, 12-mm-thick, charcoal-epon centerpieces contained within double-ended aluminum housings. The three sample channels contained different loading concentrations of protein (ϳ120 l), while reference channels contained the dialysate. Speeds ranged from 18,000 to 22,000 rpm, at 20 -25°C. Data acquisition was as an average of 10 -15 absorbance measurements taken over 0.001-0.005-cm intervals. Buffer densities were calculated and corrected for temperature, using the method of Ref. 25 . Once the samples had reached sedimentation and chemical equilibrium, absorbance scans were taken across the sample. Data were then corrected for window aberrations, dust, and partial masking of light pulses via subtraction of a 360-nm scan from the 280-nm scan, using the correction program XLABASE.
2 This corrected absorbance scan was then used in analysis. All analyses involved fitting a model to absorbance versus cell radius data using nonlinear regression. Fitting was performed using the OR-IGIN software package (Microcal Software) in conjunction with an additional module supplied by Beckman Instruments. In each case, three different loading concentrations were analyzed simultaneously. Fitting involved varying the molecular weight, association states, a term accounting for the nonideality of the sample, and a baseline offset term until an optimum fit was found. Base-line offset values were initially fixed at those obtained from meniscus depletion of the sample at the end of each experiment. After satisfactory convergence of all other parameters, the base-line offset term was floated, and returned values were in good agreement with experimentally determined values.
Isothermal Titration Microcalorimetry-An Omega titration calorimeter (MicroCal) was used to perform microcalorimetric measurements. Titrations were performed at 25°C and consisted of 16 injections of 10 l each, made every 240 s into a reaction cell volume of 1.296 ml. Titrations were generally performed in two ways: 90 M Hsc70⌬E was titrated into 4 M BAG-1, or 90 M BAG-1 was titrated into 4 M Hsc70⌬E. All proteins were in dialysis equilibrium with buffer (either 20 mM sodium phosphate, pH 7.2, 100 mM NaCl, 5 mM ␤-mercaptoethanol, and 50 M EDTA, or 20 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM MgCl 2 , and 5 mM ␤-mercaptoethanol). Control experiments were performed by titrating the same concentrated protein into dialysate. Reaction heats were corrected by subtraction of the appropriate control titration and integrated using ORIGIN ITC software (MicroCal). Thermodynamic parameters for the binding reactions were derived by fitting the corrected binding isotherms to single-site binding models as described (26), with stoichiometries (N), enthalpies (⌬H 0 ), and equilibrium dissociation constants (K D ) allowed to float during nonlinear leastsquares fits of the data. Under the conditions used, the product of the binding constant (K) and the reservoir macromolecule concentration (C) was approximately 40, within the range expected to provide reasonable estimates of binding equilibria.
Surface Plasmon Resonance-A BIACORE ® 2000 (Biacore AB) surface plasmon resonance-based biosensor was used to measure binding kinetics and affinity constants for the interactions between proteins. CM5 research grade sensor chips, anti-GST monoclonal antibodies, and P20 surfactant were from Biacore. N-Hydroxysuccinimide, N-ethyl-NЈ-(3-diethylaminopropyl) carbodiimide, and ethanolamine coupling reagents (Pierce or Biacore) were used to immobilize ϳ5,000 RU of the anti-GST to the sensor surface using a standard amine-coupling procedure (27) . Because Hsc70⌬E showed a small degree of nonspecific adsorption to the CM5 chip (20 -50 RU), a 3.0 M solution was first injected into the flow cells derivatized with anti-GST to preblock the surface. It was determined that BAG-1 did not bind nonspecifically to the CM5 dextran surface or to a preadsorbed layer of Hsc70⌬E. Purified GST-BAG-1 was captured onto the anti-GST surface of one flow cell. Five concentrations of Hsc70⌬E (3.0, 1.0, 0.33, 0.11, and 0 M) were then injected three times in random order over the GST-BAG-1 surface and simultaneously over a parallel control flow cell containing only anti-GST and Hsc70⌬E. In order to minimize mass transport effects, all experiments were done using high flow rates (100 l/min) on surfaces of relatively low ligand concentration (28) . Analyte solutions were injected for 6 s in HBS running buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 50 M EDTA, 1 mM ␤-mercaptoethanol, and 0.005% P20 surfactant (Biacore)). Because the BAG-1/Hsc70⌬E dissociation rate was rapid and the anti-GST/GST-BAG-1 dissociation rate was practically undetectable, regeneration after each injection was not necessary.
Specific interaction data were first subtracted from corresponding controls and zeroed using BIAevaluation 2.0 software (Biacore) and then globally fit to a simple bimolecular reaction model,
using Clamp™ software 3 (29) . Rate equations were generated and then numerically integrated for the entire data set simultaneously. An association (k a ) and dissociation (k d ) rate constant were obtained for the entire data set (15 injections) along with residual S.D. values, replication S.D. values, and correlation coefficients. Fits were not improved by using a mass transport model. Dissociation affinity constants were then calculated from
Homology Modeling-Models for human Hsc70 and murine BAG-1 proteins were constructed based on homology with the E. coli DnaK and GrpE proteins, respectively. A sequence alignment was performed for the Hsc70-DnaK and BAG-1-GrpE pairs using the program ClustalW (30) and using default values for gap opening and extension penalties. Models for the regions with clear sequence homology were constructed with the modeling package Quanta (Molecular Simulations). Based on the sequence alignment, the residues from the crystal structure of the DnaK-GrpE complex (9) (accession code 1DKG, Brookhaven Protein Data Bank) were changed to match the sequences of Hsc70 and BAG-1 using the Mutate function within the Protein Design module of Quanta. A check for buried charged side chains was made with the Protein Health facility of Quanta. Gaps or insertions in the polypeptide chain were connected manually. The models were relaxed by energy minimization using the CHARMM module within Quanta. Harmonic constraints were applied to the backbone atoms of the models, using a force constant of 5 kcal/mol-Å. First, 200 steps of steepest descents energy minimization were completed on the models to relax gross steric conflicts. Second, energy minimization was performed on each model using the conjugate gradient method, until the root mean square force was Յ0.05 kcal/mol-Å. The atomic parameters were from the default file AMINOH.RTF, and cut-offs were applied at atomic separations of 15 Å with switching over the region from 11 to 14 Å. Each model was checked for the acceptability of stereochemistry using Procheck (31) . Finally, the models were checked for main chain conformation, buried hydrophilic residues, exposed hydrophobic residues, and close contacts using the Protein Health facility of Quanta.
RESULTS

Purification of BAG-1 and a Truncated Form of Hsc70 -For
these investigations, full-length murine BAG-1 protein (12) was purified after recombinant expression as a GST fusion protein. Except in the case of the SPR studies, BAG-1 was cleaved from its fusion partner by thrombin digestion for solution binding experiments. A C-terminally truncated fragment containing the full ATPase domain of human Hsc70 (Hsc70⌬E) was expressed with an N-terminal His 6 affinity tag. The hexahistidine tag was not removed for these studies. Human and murine Hsc70 are 100% identical for the sequence included in this fragment, and the sequences of 43/48 residues are identical between murine and human BAG-1 in the Hsc70 binding region (32) . Both proteins were purified to Ͼ95% homogeneity as determined by SDS-polyacrylamide gel electrophoresis (Fig. 1) . The molecules were stable at neutral pH in Tris or phosphate buffers and were stored at 4°C.
Molecular Species of BAG-1 in Solution-BAG-1 was identified as a Bcl-2 binding protein but shares no significant homology with the Bcl-2 family (12) . Proteins in the Bcl-2 family function to suppress or enhance apoptosis perhaps in part through their ability to homo-or heterodimerize. Moreover, homodimerization has been shown to be sufficient for activation of other proteins to which BAG-1 binds, such as Raf-1 kinase (33). For these reasons, it has been speculated that BAG-1 could exist as a homodimer. The results from initial experiments appeared to be consistent with this view, since BAG-1 eluted from size exclusion columns at a position expected for a dimer (19) . Similarly, dynamic light scattering experiments performed with BAG-1 at neutral pH estimated a molecular mass for BAG-1 of 51 kDa (Table I) , equivalent to approximately twice its known molecular mass of 25.4 kDa.
Secondary structure predictions performed using SOPMA (34) and PHD (35) programs suggest that BAG-1 is predominantly a helical molecule (average prediction: 64 Ϯ 7% ␣-helix, 10 Ϯ 4% ␤-sheet, and 25 Ϯ 3% random coil) and that the C-terminal half (120 residues) of BAG-1 is almost entirely helical. The predicted helical content of BAG-1 corresponded well with analyses of its solution structure using CD. These CD meas- urements indicated that BAG-1 contains approximately 67 Ϯ 12% ␣-helix, 0% ␤-sheet, and 33 Ϯ 12% random coil (Fig. 2) .
To analyze the solution oligomeric state of BAG-1 more rigorously, its mass was estimated using sedimentation equilibrium. Data from these ultracentrifuge analyses were compared with those obtained from dynamic light scattering and size exclusion measurements, which are dependent on the hydrodynamic radius and frictional coefficient of the molecule. Sedimentation equilibrium analysis was performed using three different loading concentrations of BAG-1 (Fig. 3A) . Fitting directly to data analyzed with respect to absorbance and cell radius, the results were best described by a single ideal species model of molecular mass 26,360 Ϯ 1,040 Da. Simultaneous fitting of the three measurements yielded residuals that are small and randomly distributed about 0, indicating a good fit. The results confirm that BAG-1 exists as a monomer in solution, at concentrations as high as 90 M, under physiological conditions.
The discrepancy in the results from molecular sizing and dynamic light scattering measurements when compared with those from sedimentation equilibrium measurements can be understood if BAG-1 is assumed to be an elongated molecule (e.g. if the molecule contains a long, uninterrupted helix). The former methods are dependent on the R H of the molecule, which is calculated from the translational diffusion coefficient (D T ) using the Stokes-Einstein equation,
where k b is Boltzmann's constant, T is the absolute temperature (K), and is the solvent viscosity. For light scattering, R H is used to calculate a molecular mass assuming the molecule is spherical. Most macromolecules do not exist in this ideal form and can be more realistically modeled by an ellipsoid of revolution (36) . If the shape of the protein (or oligomer) is appreciably nonspherical, its mass may be overestimated due to a higher translational frictional coefficient (f ϭ k b T/D T ) and hence a lower translational diffusion coefficient than for a spherical particle of the same mass. Shape effects can be calculated using a shape factor (F ϭ f/f o ), which normalizes the obtained frictional coefficient by that of a sphere of the same molecular weight (f o ),
FIG. 2. Circular dichroism analysis of BAG-1.
The far-UV spectrum of purified BAG-1 (0.3 mg/ml in 10 mM sodium phosphate, pH 6.8, at 20°C) is shown. The mean molar ellipticity profile was fitted using prediction software to determine secondary structural composition. The average composition from two prediction programs gave 67 Ϯ 12% ␣-helix, 0% ␤-sheet, and 33 Ϯ 12% random coil. where N is Avogadro's number, M is the molecular mass (Da), and v is the partial specific volume (37) . An f/f o ratio greater than unity suggests that the protein deviates from a spherical shape; the degree of deviation can be correlated with the axial ratio of an ellipsoid to estimate the true shape of the molecule (36) . If BAG-1 is assumed to be a monomer, as suggested by the sedimentation analysis, the shape factor calculated from dynamic light scattering estimations is 1.66. This is consistent with a molecular shape corresponding to a prolate ellipsoid (rod-like) with one axis being 12-fold longer than the others or alternatively an oblate ellipsoid (disklike) with two axes being 16-fold longer than the third. We hypothesize therefore that BAG-1 exists as a monomer in solution, with an elongated ␣-helical shape.
Molecular Species of Hsc70⌬E in Solution-
The crystal structures of the ATPase domain of Hsc70 and the substrate binding domain of its bacterial homologue, DnaK, have been determined (7, 8) . Although specific interactions between domains have not been defined, it has been suggested that their conformations and functions are coupled (38, 39) . Hsc70 selfassociates reversibly in solution in the absence of substrate or nucleotide, and the oligomerization region has been localized to the 25-kDa carboxyl terminus, residues 385-646 (40) . This region contains an amino-terminal 15-kDa subdomain that binds substrate, as shown in the crystal structure (8) . A regulatory motif, EEVD, has been identified at the carboxyl terminus of this subdomain, which influences ATPase activity. Thus ATPase activity and substrate binding may be linked. Hsc70 self-associates into dimers, trimers, and higher order oligomers, and the oligomerization may be influenced by substrate binding, which shifts the solution state toward the monomeric species (41) . Deletion of residues beyond 611 results in loss of substrate binding and may affect the stability of the overall conformation of intact Hsc70 (39) . Hsc70⌬E, used in the present study, lacks the carboxyl-terminal 10 kDa including the EEVD regulatory motif; therefore, measurements were performed to determine its solution state.
Interestingly, Hsc70⌬E was shown by dynamic light scattering and sedimentation equilibrium to be monomeric at concentrations of up to 25 M in physiological buffers. These results suggest that contacts mediating self-association may be localized to the 10-kDa subdomain. Light scattering measurements (Table I ) resulted in an apparent molecular mass of ϳ79 kDa for the 59.5-kDa protein used here. This molecular mass estimation indicates a slight deviation from a spherical shape and rules out dimerization.
Sedimentation equilibrium measurements (Fig. 3B) were conducted using three different loading concentrations (1.4, 0.90, and 0.50 mg/ml) of Hsc70⌬E in dialysis equilibrium with the buffer blank. Data evaluated with respect to absorbance and cell radius for all samples, fitted simultaneously, were best described by a single ideal species model, with a molecular mass of 58,960 Ϯ 4,000 Da. These results confirm that Hsc70⌬E exists as a monomer in solution; therefore, binding interactions with BAG-1 are not expected to be complicated by self-association.
Stoichiometry, Kinetics, and Equilibrium Binding Properties of the BAG-1-Hsc70⌬E
Complex-The binding affinity, kinetics, and stoichiometry of BAG-1/Hsc70⌬E interactions were analyzed using the complementary methods of isothermal titration calorimetry and surface plasmon resonance. The carboxyl-terminal 48 residues of the murine BAG-1 protein (i.e. residues 172-219) are known to be necessary for binding to Hsc70, and full substrate binding activity was retained using a deletion mutant containing residues 90 -219 (19) . The minimum region in Hsc70 required for binding BAG-1 has been localized to amino acids 186 -377, which correspond to one of the subdomains of the ATPase domain (19) . Similar observations have been made for binding of the human BAG-1 isoform, RAP46/Hap-46, to Hsp70, although it was suggested that in vitro, interactions occurred between RAP46/Hap-46 and both of the ATPase subdomains (42) .
Using isothermal titration calorimetry (ITC), the solution 
Interactions between BAG-1 and Hsc70
affinity, interaction energetics, and binding stoichiometries of the native, purified proteins can be calculated with high precision (43) . An example of a titration of Hsc70⌬E into the cell containing BAG-1 is presented in Fig. 4 . The fit to the integrated binding isotherm indicates a dissociation affinity constant of K D ϭ 100 Ϯ35 nM, and essentially a 1:1 stoichiometry (calculated values for BAG-1:Hsc70⌬E of N ϭ 0.85 Ϯ 0.12:1). This result indicates that BAG-1 binds to Hsc70⌬E as a monomer, unlike GrpE, which binds as a dimer to DnaK (9) . Surface plasmon resonance (SPR) (28) measurements showed that binding of BAG-1 to Hsc70⌬E was fully reversible, with an estimated equilibrium dissociation constant of K D ϭ 500 Ϯ48 nM. For these experiments, purified GST-BAG-1 was captured onto the biosensor surface by a covalently linked, high affinity monoclonal anti-GST antibody. As shown in Fig. 5 , binding of varying concentrations of Hsc70⌬E from the flow solution was quantified by changes in the refractive index at the surface. After subtracting the contributions due to bulk solvent and nonspecific background binding, the kinetic rate constants were determined by globally fitting the corrected response data to a simple bimolecular interaction model. The fit gave a residual S.D. of 1.79 RU (from a maximum surface capacity, B max , of 117 RU), which was only 0.34 higher than the replication S.D. of 1.45 RU. This indicates that this simple bimolecular interaction model provides a good fit to the data. The Hsc70⌬E/GST-BAG-1 interaction had an apparent association rate of k a ϭ (5.3 Ϯ 0.5) ϫ 10
M
Ϫ1 s Ϫ1 and a dissociation rate of k d ϭ 0.267 Ϯ 0.002 s Ϫ1 (half-life, t1 ⁄2 ϭ 2.7 s). The correlations between binding parameters were also calculated from the global analysis software and are shown in Table II to be low. The lack of significant correlation indicates that the parameters are independently affected and can be accepted with a high degree of confidence.
The relatively minor difference between the affinity constant (500 nM) calculated from the rate constants obtained by SPR and that determined by ITC (100 nM) could largely be due to differences in the type of assay. Depending on thermodynamic and diffusion properties, the immobilization of proteins to a solid-phase matrix can theoretically affect rate constants by 2-10-fold (44) compared with solution measurements. These studies show that BAG-1 and Hsc70⌬E bind directly and reversibly with a physiologically competitive affinity.
Preliminary binding experiments were performed in the 
FIG. 7.
Sequence alignment and comparison of secondary structure prediction of murine BAG-1, human BAG-1, and E. coli GrpE. The sequence alignment was performed using ClustalW (30) . The numbering corresponds to the sequence of murine BAG-1. The sequence shown for human BAG-1 begins at residue 13 (17) and residue 5 for GrpE (9) . Boxed residues indicate identity or conservation, at a conservation level of 8/10 (where 10/10 is identical). Predicted structural features from the PHD algorithm are indicated above the murine BAG-1 sequence (␣-helices as cylinders, ␤-sheets as arrows), while the secondary structural elements of GrpE from the GrpE-DnaK crystal structure (which was determined lacking the amino-terminal 33 residues) are shown below the GrpE sequence. This figure was prepared using ALSCRIPT (53) . (21) , presumably by inducing conformational changes. Hsc70 fragments similar to the one used in these studies retained ATPase activity (45) but had altered substrate binding activity (46, 47) . When Hsc70⌬E was preincubated with either ATP or ADP, binding of the heat shock fragment to GST-BAG-1 was significantly reduced as measured by SPR (Fig. 6) , similar to the reduction observed for GrpE-DnaK SPR results (9) . The presence of ADP reduced binding to a greater extent than ATP; this trend is contrary to results obtained through immunoblotting assays with full-length Hsc70 (19) and may be due to the truncation of the substrate binding domain. ITC studies produced similar results, showing that both ATP and ADP had a negative effect on the binding of BAG-1 to Hsc70⌬E (data not shown). Although the binding interactions in the presence of ADP were complex, an initial affinity constant of ϳ10 M was obtained from the ITC analyses. This represents a ϳ100-fold decrease in the affinity of the interaction. However, further studies are needed to discriminate individual energetic contributions from protein-protein association versus those from conformational changes and ADP dissociation.
Structural Comparison of BAG-1 and GrpE-It has been proposed that cytosolic BAG-1 may be a functional eukaryotic homologue of GrpE (21) . Since the crystal structure of the GrpE-DnaK complex has been determined (9), we can also ask if BAG-1 is a structural homologue of GrpE. GrpE binds as a dimer to the ATPase domain of DnaK largely through a ␤-sheet motif in the C-terminal portion of GrpE, distal from the DnaK nucleotide binding site. GrpE is an elongated molecule with an amino-terminal segment composed almost entirely of an extended helix. In view of the fact that the overall shape of GrpE was in keeping with our observations for BAG-1, we initiated a comparison of the two molecules using sequence alignment, secondary structure prediction, and molecular modeling.
ClustalW (30) was used for sequence alignment of BAG-1 versus GrpE to compare structural features of the two functionally homologous proteins (Fig. 7) . The primary sequence of murine BAG-1 is 19% identical to GrpE, and inclusion of residues having conservative substitutions increases the homology to 40%. This low level of homology is also exhibited between some members of the GrpE family (21% sequence identity between rat mitochondrial and bacterial GrpE) (48) .
Secondary structure predictions suggest considerable structural homology between BAG-1 and GrpE within the first half of the ATPase-binding region (Fig. 7 ), yet the amino-and carboxyl-terminal segments are predicted to differ between the two molecules. In BAG-1, residues 37-73 contain a sequence that is homologous to ubiquitin (12) . The ubiquitin structure is globular with mixed ␤-sheet and helical segments (49) , similar to what is predicted for BAG-1 and quite different from the analogous segment in GrpE. This segment of BAG-1 is not required for binding to Hsc70 (19) .
The C-terminal portion of GrpE, where many contacts with DnaK occur, is predominantly composed of ␤-strands, whereas BAG-1 is predicted to contain little ␤-structure. Consequently, it is not possible to evaluate structurally homologous features in this region. Due to the differences in structural content between BAG-1 and GrpE termini, a comparison by homology modeling was made only between the central portions of the two molecules. The sequence for residues 62-138 of BAG-1 was substituted into the three-dimensional coordinates of GrpE. Similarly, the sequence of Hsc70⌬E was substituted into the coordinates of DnaK. After the substitutions were made, the models were optimized by energy minimization. Main chain and side chain dihedral angles, side chain planarity, and bond lengths were within acceptable regions, and no close or sterically prohibitive contacts existed between BAG-1 and Hsc70 side chains when the two models were overlaid onto the GrpEDnaK complex structure.
The resulting models are compared in Fig. 8 . Regions where strong structural homology is predicted are shown in a schematic display of the polypeptide backbone. In the model for BAG-1 (Fig. 8B) , the amino-and carboxyl-terminal segments that are not predicted to assume similar structures to GrpE are replaced by spheres. The comparison depicts BAG-1 as an elongated molecule consistent with the solution measurements made in this study. The central region (residues 62-138) of BAG-1 may share structural homology with GrpE, although it is likely that both termini, including the carboxyl region, which interacts with Hsc70, differ in structure. DISCUSSION BAG-1 interacts directly with Hsc70 and modulates its chaperone activity (19) . We have shown that BAG-1 binds to Hsc70⌬E with 1:1 molar stoichiometry. In vitro, this binding negatively affects the refolding activity of the chaperone (19) , although this is not achieved by alteration of substrate binding ability per se but by a change in sensitivity to ATPase activity. 4 GrpE may stimulate dissociation of ADP by inducing a conformational change in the nucleotide binding cleft (9) . BAG-1 is known to promote dissociation of ADP (21) and could function through a similar mechanism of tertiary structure displacement.
The kinetics of the BAG-1/Hsc70⌬E interaction were determined to be fairly rapid, with a dissociation half-life of approximately 2.7 s. This rate is comparable with that determined for DnaK substrate binding and release (27 s without nucleotide and 0.4 s with nucleotide) and much faster than the turnover rate for ATP hydrolysis (461 s) (6) . Thus, the action of BAG-1 on Hsc70 is probably coupled with substrate binding and may serve to tune the rate of the nucleotide release cycle, as GrpE does (11) .
A protein called Hip/p48 also binds to the ATPase domain of Hsp70 (50, 51) and competes with BAG-1 for binding to this molecular chaperone (21, 42) . 4 Interestingly, BAG-1 and Hip regulate Hsp70 activity in opposite manners: Hip stabilizes the ADP-bound form of Hsp70, promoting formation with target peptides (50), while BAG-1 stimulates the release of ADP and peptide substrates (21) . The association of Hip with Hsc70 prevents BAG-1 binding (21) and vice versa (42) . Do the two compete for the same binding site to conversely regulate chaperone activity? BAG-1 and Hip share no obvious sequence homology and have very different predicted structures (21) . Also, the mode of binding to the heat shock molecule is likely to be very different since Hip exists as a tetramer and is known to associate with Hsc70 through a positively charged helical segment (52) . Hip recognizes the ADP-bound form of Hsc70, but in contrast to BAG-1, it slows down the release of nucleotide.
We have established that BAG-1 exists as a monomer in solution. This can be contrasted with the Hip tetramer and with GrpE, which binds DnaK as a dimer. Interestingly, only one of the GrpE monomers contacts DnaK, and most of these contacts occur via the ␤-sheet module in the carboxyl-terminal half of the molecule (9) . Dimerization of GrpE may be necessary to stabilize the long extended amino-terminal helix. Also, mutations in GrpE that result in temperature-sensitive phenotypes appear only to be involved in structural stabilization and not in interactions with DnaK. According to secondary structure predictions, the amino-terminal portion of BAG-1 is probably not an extended helix; in fact, two prolines at residues 59 and 61 interrupt helix formation. Therefore, dimerization to stabilize the molecule is probably not necessary. Moreover, it has been demonstrated that the first 90 residues of BAG-1 are not required for Hsp70 binding (19) . This poses a question regarding the functional significance of the elongated region.
The mechanism for the uncoupling of ATP hydrolysis from substrate release may be explained in part by the elongated nature of BAG-1. Given the location of the C terminus of the ATPase domain, it is possible that the substrate binding domain of Hsc70 is close to the amino-terminal portion of BAG-1 when ligand is bound. Studies to determine whether the aminoterminal extended helix of GrpE could interact with the substrate binding domain of DnaK showed that substrate dissociation was diminished by an amino-terminally truncated form of GrpE (9) . DnaK also showed nucleotide-dependent differences in conformational state (5) . Extension of BAG-1 contacts to both domains of Hsc70 could mediate conformation-dependent communication, linking nucleotide cycling with substrate binding. Further studies are needed to define these interactions, which suggest that BAG-1 may serve as a eukaryotic co-chaperone.
